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Abstract. Arctic stratospheric ozone depletion is closely
linked to the occurrence of low stratospheric temperatures.
There are indications that cold winters in the Arctic strato-
sphere have been getting colder, raising the question if and
to what extent a cooling of the Arctic stratosphere may
continue into the future. We use meteorological reanaly-
ses from the European Centre for Medium Range Weather
Forecasts (ECMWF) ERA-Interim and NASA’s Modern-
Era Retrospective-Analysis for Research and Applications
(MERRA) for the past 32yr together with calculations of the
chemistry-climate model (CCM) ECHAM/MESSy Atmo-
spheric Chemistry (EMAC) and models from the Chemistry-
Climate Model Validation (CCMVal) project to infer radia-
tive and dynamical contributions to long-term Arctic strato-
spheric temperature changes. For the past three decades the
reanalyses show a warming trend in winter and cooling
trend in spring and summer, which agree well with trends
from the Radiosonde Innovation Composite Homogeniza-
tion (RICH) adjusted radiosonde data set. Changes in winter
and spring are caused by a corresponding change of plane-
tary wave activity with increases in winter and decreases in
spring. During winter the increase of planetary wave activ-
ity is counteracted by a residual radiatively induced cool-
ing. Stratospheric radiatively induced cooling is detected
throughout all seasons, being highly signiﬁcant in spring
and summer. This means that for a given dynamical situ-
ation, according to ERA-Interim the annual mean temper-
ature of the Arctic lower stratosphere has been cooling by
−0.41±0.11Kdecade−1 at 50hPa over the past 32yr. Cal-
culations with state-of-the-art models from CCMVal and the
EMAC model qualitatively reproduce the radiatively induced
cooling for the past decades, but underestimate the amount of
radiatively induced cooling deduced from reanalyses. There
are indications that this discrepancy could be partly related to
a possible underestimation of past Arctic ozone trends in the
models. The models project a continued cooling of the Arc-
tic stratosphere over the coming decades (2001–2049) that
is for the annual mean about 40% less than the modeled
cooling for the past, due to the reduction of ozone depleting
substances and the resulting ozone recovery. This projected
cooling in turn could offset between 15 and 40% of the Arc-
tic ozone recovery.
1 Introduction
Large losses of Arctic stratospheric ozone have been ob-
served during cold winters over the past decades (WMO,
2011). There is some evidence that the cold Arctic strato-
spheric winters are getting colder (Rex et al., 2004, 2006)
with important implications for Arctic ozone depletion. In
fact, the largest losses of Arctic stratospheric ozone have
been observed in the recent winter 2010/2011 (Manney
et al., 2011; Sinnhuber et al., 2011), despite the fact that the
stratospheric halogen loading is already declining. Sinnhu-
ber et al. (2011) calculated that a temperature trend of
−0.8Kdecade−1 could enhance Arctic stratospheric ozone
depletion enough to offset the recovery due to the expected
futurehalogendecrease.Althoughtherearestilluncertainties
in the climate sensitivity of Arctic ozone depletion, the cal-
culatedtemperaturesensitivityagreeswellwiththeempirical
results of Rex et al. (2006). Moreover, the calculated value of
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−0.8Kdecade−1 is close to the observed near-global (60◦ S–
60◦ N) cooling of the lower stratosphere of −0.5Kdecade−1
between 30 and 70hPa by Randel et al. (2009). However,
the situation in the Arctic is more complicated due to the
large inﬂuence of planetary scale waves on Arctic winter and
spring temperatures (Newman et al., 2001) and correspond-
ing large interannual variability. Temperature observations
from the Stratospheric Sounding Unit (SSU) provide evi-
dence that variations in wave driving are a major factor con-
trolling global scale variability throughout the depth of the
stratosphere (Young et al., 2011). Lower-stratospheric tem-
perature observations from the Microwave Sounding Unit
(MSU) indicate a strengthening of the Brewer–Dobson cir-
culation (BDC) from December to February and a weaken-
ing from March until May connected to the increase/decrease
of planetary wave activity, which leads to a corresponding
positive/negative temperature trend (Fu et al., 2010). Ray
et al. (2010) suggest a small strengthening of the mean cir-
culation in the lower stratosphere and a moderate weaken-
ing of the mean circulation of the middle and upper strato-
sphere. Trend calculations of an empirically derived BDC-
index, which consists of the contrast between extra-tropical
and tropical temperatures, suggest a signiﬁcant strengthening
of the Northern Hemisphere branch of the BDC during De-
cember throughout the depth of the stratosphere, and a sig-
niﬁcant weakening during March in the lower stratosphere
(Young et al., 2012). Recently, Thompson et al. (2012) have
emphasized the existing large uncertainties for past tempera-
ture trends from observations in the mid-stratosphere (25–
50km altitude). However, in the lower stratosphere (15–
20km) Thompson et al. (2012) show good agreement be-
tween various satellite and radiosonde data sets, although
most climate and chemistry-climate models underestimate
the degree of this cooling. Lin et al. (2009) conclude that
IPCC AR4 models fail to simulate the BDC strengthening in
the southern polar stratosphere. In addition there are signif-
icant differences between measurements of mean age of air
and CCM simulations (Ray et al., 2010). Wang and Waugh
(2012) show that the variability in lower stratospheric tem-
perature trends among model ensembles is related to differ-
ences in trends in wave activity propagating into the strato-
sphere.
In this study we analyze past and projected future temper-
ature trends in the Arctic lower stratosphere. In particular, we
investigate if, in addition to the highly variable wave activ-
ity in the Arctic, a secular temperature trend can be identi-
ﬁed that could be attributed to changes in radiatively active
gases. We focus on temperatures in the lower stratosphere at
50hPa, as this is the region most critical for Arctic ozone de-
pletion. Unless otherwise noted, we consider averages over
60–90◦ N. We use reanalyses from the European Centre for
Medium Range Weather Forecasts (ECMWF) ERA-Interim
project (Dee et al., 2011) and NASA’s Modern-Era Retro-
spective Analysis for Research and Applications (MERRA)
(Rienecker et al., 2011) together with the Radiosonde In-
novation Composite Homogenization (RICH) adjusted ra-
diosonde data set (Haimberger et al., 2012) for the past 32yr
to determine temperature trends (Sect. 2). After compar-
ing state-of-the art model calculations from CCMVal2 (e.g.,
Morgenstern et al., 2010) with the past temperature trends
from observations and reanalyses, these models are analyzed
to project the evolution for coming decades (Sect. 3). CCM-
Val2 models are accompanied by additional calculations with
the chemistry-climate model EMAC. Sensitivity simulations
with EMAC using ﬁxed mixing ratios of greenhouse gases
(in particular CO2, N2O, CH4) and ozone depleting sub-
stances (ODS) are used to calculate the sensitivity of tem-
perature changes to the respective radiatively active gases.
2 Past Arctic temperature changes
ECMWF ERA-Interim (Dee et al., 2011) and MERRA (Rie-
necker et al., 2011) reanalyses, together with RICH adjusted
radiosonde data (Haimberger et al., 2012) from 1980–2011,
are used to determine temperature trends. ERA-Interim data
have been obtained from the ECMWF data server at a hor-
izontal resolution of 1.5◦ ×1.5◦. Temperature trends in the
Arctic lower stratosphere are calculated, using daily mean
temperature ﬁelds. The eddy heat ﬂux, indicating planetary
wave activity, is derived from daily temperature and wind
ﬁelds at 100hPa over 45–75◦ N (Newman et al., 2001).
Figure 1a shows Arctic temperature changes at 50hPa
for the period 1980 to 2011 calculated from ERA-
Interim, MERRA, and RICH observations. Values are
given with a 2σ error range, meaning a 95.4% con-
ﬁdence interval. Averaged over the year, there is cool-
ing tendency of −0.25±0.21Kdecade−1 in ERA-Interim.
Summer months (JJA) show a signiﬁcant cooling of
−0.42±0.13Kdecade−1. This value is close to the near-
global (60◦ S–60◦ N) temperature trend of −0.5Kdecade−1
derived by Randel et al. (2009) in the lower stratosphere. Es-
pecially during summer, the Arctic stratosphere is in a state
of radiative equilibrium (Newman and Rosenﬁeld, 1997),
which makes stratospheric temperature trends comparable
to the near-global mean trend. Furthermore, there exists
a strong signiﬁcant cooling of −1.02±0.58Kdecade−1 dur-
ing spring (MAM). In contrast, winter months (DJF) show
a mean warming trend of 0.62±1.06Kdecade−1, which is,
however, not signiﬁcant. Seasonal temperature trends from
ERA-Interim and MERRA are consistent with trends from
RICH adjusted radiosonde data and are given in Table 2.
The cooling in spring and warming in winter is consistent
with a corresponding change in wave activity, expressed by
the area-weighted average of the eddy heat ﬂux at 100hPa
over 45–75◦ N (Fig. 2), which is consistent with ﬁndings
from Fu et al. (2010). There is high consistency between
the monthly mean eddy heat ﬂux from ERA-Interim and
MERRA, with the differences between both reanalyses being
much smaller than the statistical uncertainty. These changes
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Fig. 1. Arctic temperature trends per decade at 50hPa for each
month from ERA-Interim (black), MERRA (gray) and RICH ad-
justed radiosonde observations (red) for the years 1980–2011. The
ﬁgure shows the area-weighted average over 60–90◦ N. (A) Tem-
perature trend. (B) Dynamical component of the trend. (C) Residual
radiative component of the trend. Vertical bars show the 2σ uncer-
tainty.
in eddy heat ﬂux thus lead to a dynamical contribution to
long-term Arctic temperature trends. Although it is difﬁcult
to estimate the absolute accuracy of the eddy heat ﬂux from
reanalyses, the good agreement between ERA-Interim and
MERRA provides conﬁdence that the results are robust and
errors dominated by the statistical uncertainty.
The correlations between temperature and eddy heat ﬂux
are high, exceeding r = 0.75 for all relevant months (De-
cember to May). This is consistent with ﬁndings from New-
man et al. (2001), showing a robust linear relationship be-
tween eddy heat ﬂux changes and stratospheric temperature
anomalies. Based on this relation we use a linear multivari-
ate regression model to separate the effects on temperature
changes due to dynamical processes, congruent with changes
in the eddy heat ﬂux and radiative processes that follow the
long-term changes of radiatively active gases. For the multi-
variate regression applied to monthly mean temperatures we
assume a linear trend term and a term referring to planetary
Fig. 2. Eddy heat ﬂux trend at 100hPa from ERA-Interim (black)
and MERRA (gray) data (1980–2011). The ﬁgure shows the area-
weighted average over 45–75◦ N. Mean trends are calculated from
eddy heat ﬂux averages over the previous 45 days. Vertical bars
show the 2σ uncertainty.
wave activity proportional to the eddy heat ﬂux at 100hPa in-
tegrated over the previous 45 days. The 45-day timescale cor-
responds to a typical radiative damping time at 50hPa (New-
man and Rosenﬁeld, 1997; Newman et al., 2001). Tests with
different damping times between 30 and 60 days revealed the
highest correlations between eddy heat ﬂux and temperature
anomalies for a damping time of around 45 days. The dy-
namical contribution to the temperature trend therefore cor-
responds to the trends in eddy heat ﬂux, with the highest
effect in winter and spring (Fig. 1b). The linear trend term
represents the residual radiative contribution. Errors of the ﬁt
coefﬁcients are estimated from the variance of the residuals.
The radiative contribution from ERA-Interim (Fig. 1c)
shows cooling throughout the whole year with an annual
mean cooling of −0.41±0.11Kdecade−1, close to the cool-
ing during summer, which is the same for the radiative
contribution since planetary wave activity is low at that
time. During winter the radiative contribution is negative
(−0.52±0.53Kdecade−1), in contrast to the temperature
trend mentioned above, which again shows the strong inﬂu-
ence of planetary wave activity on lower stratospheric tem-
perature in the Arctic. In spring, radiatively induced cooling
is stronger compared to the other seasons and highly sig-
niﬁcant (−0.76±0.35Kdecade−1). Results from MERRA
show essentially the same (Table 2).
Ozone depletion in spring is sensitive to temperatures
throughout the whole winter period, from December to
March (Rex et al., 2004; Sinnhuber et al., 2011). Therefore
we also investigate extended winter mean (DJFM) trends.
Extended winter means show radiative mean cooling of
−0.52±0.49Kdecade−1. Thus, for a given level of wave
activity, mean winter temperatures have been getting colder
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over the past three decades by −0.52±0.49Kdecade−1.
Again, this is comparable to the near-global mean cooling of
about −0.5Kdecade−1 at this level from ERA-Interim (Ta-
ble 3) and radiosonde observations (Randel et al., 2009).
3 Results from chemistry-climate models
3.1 Model description
To investigate if and how the inferred past cooling is ex-
pected to continue into the future, we analyze results from
18 chemistry-climate model (CCM) simulations, performed
as part of the second Chemistry-Climate Model Validation
Activity (CCMVal2) (SPARC CCMVal, 2010). CCMVal2
model simulations (Morgenstern et al., 2010) used in this
study refer to two sets of forcings, REF-B2 and SCN-B2d.
REF-B2 models use greenhouse gas concentrations from
A1B scenario (IPCC, 2000, 2007). Sea surface temperatures
(SST) and sea ice concentrations (SIC) are simulated through
previous ofﬂine model calculations. SCN-B2d additionally
include volcanic eruptions, solar variability and a prescribed
quasi-biennial oscillation (QBO) of equatorial winds. Fur-
ther information about CCMVal2 forcings can be found in
the SPARC CCMVal (2010) report. For this study we use
CCMVal2 model simulations listed in Table 1. Only models
that reported monthly mean 100hPa eddy heat ﬂux based on
daily ﬁelds are included. For the multivariate regression we
use a mean of the eddy heat ﬂux at 100hPa, consisting of the
current and previous month, which provides results similar
to calculations with a damping time of 45 days.
In addition to CCMVal2 model simulations we performed
further calculations with the ECHAM/MESSy Atmospheric
Chemistry Model (EMAC). We use the Modular Earth Sub-
model System (MESSy, version 1.7) (Jöckel et al., 2005,
2006) in combination with ECHAM5 (Roeckner et al., 2006)
as our base model.
EMAC simulations were performed with a T42 horizontal
resolution (about 2.8◦) and 39 vertical levels with the up-
permost level at 0.01hPa. EMAC conﬁgurations follow the
REF-B2 forcings and are brieﬂy described in the following.
SSTs and SICs were taken from a previous coupled simula-
tion of the ECHAM5 climate model with the ocean model
MPI-OM from Max-Planck-Institute in Hamburg. The A1B
scenario (IPCC, 2000, 2007) was applied in the EMAC sim-
ulation. Volcanic eruptions, solar variability and QBO were
not included, in accordance with REF-B2 speciﬁcations.
In this study, we focus on two periods. The ﬁrst period
is from 1980 to 2011 and the second from 2001 to 2049.
The ﬁrst period was chosen to allow a direct comparison with
ERA-Interim. For future trends a starting point around 2000
is reasonable since the stratospheric halogen loading reached
its maximum around that point and has been decreasing ever
since (Kohlhepp et al., 2012). In the future, referring to A1B
scenario, halogens continue to decrease. Choosing this pe-
Table 1. Model calculations used in this study. Only CCMVal2
models that reported 100hPa eddy heat ﬂux are included. Numbers
in parentheses indicate number of ensemble members included.
CCMVal2 REF-B2 model runs
CCSRNIES (1)
CMAM (3)
GEOSCCM (1)
LMDZepro (1)
MRI (2)
Niwa SOCOL (1)
SOCOL (3)
ULAQ (3)
UMUKCA-METO (1)
CCMVal2 SCN-B2d model runs
E39CA (1)
EMAC-FUB (1)
Additional EMAC runs
EMAC REF-B2 standard run (1)
EMAC GHGs constant after 2000 (1)
EMAC CO2 constant after 2000 (1)
EMAC CH4 constant after 2000 (1)
EMAC N2O constant after 2000 (1)
EMAC ODSs constant after 2000 (1)
riod (2001–2049) enables the maximum halogen effect to be-
come visible.
3.2 Reproducing the past
Figure 3a–c shows results from CCMVal2 simulations for
1980–2011, which can be directly compared to Fig. 1. Each
black dot represents a single CCMVal2 model simulation
with the black line being the multi-model mean over all
CCMVal2 simulations. We do not ﬁnd any distinct differ-
ences in temperature trends between REF-B2 and SCN-B2d,
justifying the inclusion of both sets into the calculation of the
multi-model mean. Our EMAC simulations, however, were
not included in the multi-model mean.
Most CCMVal2 models show a cooling tendency in spring
and summer (Fig. 3a), which is consistent with temperature
trends from reanalyses and radiosonde data (Fig. 1a). In win-
ter and early spring, however, there is a wide spread of the
models, reﬂecting large internal variability in these months.
The dynamical component (Fig. 3b) shows no clear overall
tendency but a wide spread of the participating models. No
clear strengthening of the 45–75◦ N 100hPa eddy heat ﬂux in
the last three decades can be identiﬁed, but the multi-model
mean shows some indications of an increased eddy heat ﬂux
in early winter (January) and a decreased eddy heat ﬂux in
March, consistent with the ﬁndings of Fu et al. (2010) and
Young et al. (2012).
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Fig. 3. Arctic temperature trends per decade at 50hPa for each
month from EMAC (red) and CCMVal2 models (black) for the
years 1980–2011. The ﬁgure shows the area-weighted average over
60–90◦ N. (A) Temperature trend. (B) Dynamical component of the
trend. (C) Residual radiative component of the trend. Vertical bars
show the 2σ uncertainty.
The radiative contribution to temperature trends indi-
cates a cooling tendency (−0.16±0.04Kdecade−1) of
the CCMVal2 multi-model mean averaged over the
year (Fig. 3c), which is even stronger in summer
(−0.22±0.02Kdecade−1). The error on the multi-model
mean is not shown in the ﬁgure. However, most CCMVal2
models underestimate observed temperature trends, which
is qualitatively consistent with ﬁndings from Thompson
et al. (2012). The CCMVal2 multi-model mean shows about
half of the radiatively induced cooling of ERA-Interim and
MERRA. The spread of the models is smaller compared to
Fig. 3a, which is due to the missing variable dynamical con-
tribution.
Our EMAC simulation is not part of the multi-model mean
but shows a general agreement with most of the CCMVal2
models (Fig. 3). The variability of the EMAC model, dis-
played by the error bars, is comparable to ERA-Interim and
MERRA. In contrast to the reanalyses, the dynamical and ra-
diative contribution in EMAC have the same sign (Fig. 3b, c)
during winter for 1980–2011; both contribute to a cooling.
EMAC shows a signiﬁcant radiatively induced annual
mean cooling of −0.26±0.11Kdecade−1. In fact, there is
a cooling trend in all seasons (Table 2), however, underesti-
mating the cooling in the reanalyses. The cooling is signiﬁ-
cant for all seasons but winter. The strongest cooling occurs
in spring, which is consistent with observations.
3.3 The role of ozone trends
To test if the discrepancy between observed and modeled
temperature trends, in particular during Arctic summer, can
be explained by differences between observed and modeled
ozone trends over the past decades, we compare Arctic ozone
trends from the CCMVal2 models and our EMAC calcu-
lations with observational-based ozone trends from Randel
and Wu (2007). Figure 4 compares monthly mean modeled
andobserved ozonetrends over theperiod 1979–2005.While
the shape of the ozone trends is similar between the models
and the observed trend with maximum losses in spring and
smallest trends in summer and autumn, the models under-
estimate the observed trend, with the largest relative differ-
ences in summer. There is a relatively large scatter between
the different models, with our EMAC calculation close to
the multi-model mean. However, it should be noted that the
lower stratospheric ozone trends poleward of 60◦ N in the
Randel and Wu (2007) data set are based on data from only
a single ozone sonde station and are thus themselves subject
to considerable systematic uncertainty.
Future ozone trends from the models are shown in Fig. 5,
all showing a future increase in Arctic ozone of similar mag-
nitude as the past decline.
It thus seems possible that the discrepancy between ob-
served and modeled temperature trends during Arctic sum-
mer is partly related to a possible underestimate of past Arc-
tic ozone trends in the models.
3.4 Predicted future Arctic temperature changes
Future (2001–2049) temperature changes from the CCM-
Val2 and EMAC simulations are shown in Fig. 6a–c (sim-
ilar to Figs. 1 and 3). Note that Fig. 6b, c have a different
scale. CCMVal2 models show no clear temperature change
in the future in any season (Fig. 6a). However, in summer
there is a slight cooling indicated by the multi-model mean,
but in each month models show both cooling and warm-
ing. Figure 6b shows again a large spread of the CCMVal2
models when calculating the effect of planetary wave ac-
tivity on the lower stratospheric temperature in the Arctic
(Fig. 3b). The multi-model mean shows a slight positive dy-
namical contribution, but it is not signiﬁcant. Considering
only the radiative contribution the CCMVal2 multi-model
mean for the future shows an annual cooling tendency of
www.atmos-chem-phys.net/14/1679/2014/ Atmos. Chem. Phys., 14, 1679–1688, 20141684 P. Bohlinger et al.: Arctic stratospheric temperature trends
Table 2. Arctic temperature trends (60–90◦ N) at 50hPa from RICH adjusted radiosonde data, ERA-Interim and MERRA reanalyses and
model simulations. Seasonal temperature trends (overall) are shown for RICH, ERA-Interim and MERRA. The radiative contribution to the
temperaturetrendisshownforERA-Interim,MERRA,CCMVal2multi-modelmeanandourEMACsimulation.AllvaluesareinKdecade−1
with a 2σ error range.
Data set DJF MAM JJA SON Annual
1980–2011
RICH (observed) +0.01±0.89 −1.11±0.52 −0.50±0.09 −0.18±0.18 −0.45±0.21
ERA-Interim (overall) +0.63±1.06 −1.02±0.58 −0.42±0.13 −0.12±0.22 −0.25±0.21
MERRA (overall) +0.52±1.12 −1.12±0.59 −0.46±0.12 −0.25±0.21 −0.34±0.22
ERA-Interim (radiative) −0.52±0.53 −0.76±0.35 −0.42±0.13 −0.11±0.16 −0.41±0.11
MERRA (radiative) −0.52±0.59 −0.77±0.36 −0.46±0.12 −0.24±0.16 −0.46±0.12
EMAC (radiative) −0.26±0.52 −0.44±0.36 −0.24±0.10 −0.25±0.19 −0.26±0.11
CCMVal2 (radiative) −0.03±0.08 −0.30±0.11 −0.22±0.02 −0.14±0.05 −0.16±0.04
2001–2049
EMAC (radiative) −0.26±0.37 +0.11±0.21 −0.15±0.05 −0.31± 0.10 −0.15±0.06
CCMVal2 (radiative) −0.17±0.04 −0.03±0.06 −0.08±0.01 −0.13±0.02 −0.10±0.02
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Fig. 4. Arctic ozone trends at 50hPa between 1979 and 2005 from
CCMVal2 models (black dots), EMAC model (red dots with error
bars) and observed ozone trends from Randel and Wu (2007) (red
line with diamonds).
−0.10±0.02Kdecade−1, which is about 40% smaller than
the CCMVal2 multi-model mean for the past (1980–2011).
Our EMAC simulation shows cooling in summer, autumn
and winter (Table 2), whereas in spring, there is a slight
warming tendency. Annually averaged, there exists a cooling
tendency of −0.10±0.11Kdecade−1. The dynamical com-
ponent has no clear trend but contributes to warming in Jan-
uary until March and to cooling in December. As expected,
these months are most affected by planetary wave activity in
EMAC.
Compared to the period from 1980 to 2011, the
radiative component shows a smaller but signiﬁcant
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Fig. 5. As Fig. 4 but for the period 2000–2049.
cooling tendency with an annual temperature trend of
−0.15±0.06Kdecade−1. The mean radiatively induced
cooling in winter months has become clearer and continues
into the future with −0.26±0.37Kdecade−1. In summer,
trends become smaller compared to the past and decrease
to −0.15±0.05Kdecade−1, while temperature changes in
spring are slightly positive (Table 2).
3.5 Sensitivity study
In total, six EMAC simulations were performed. In addition
to the standard simulation (EMAC STD) described above,
ﬁve sensitivity simulations were calculated. In four simu-
lations, surface mixing ratios of ODS (EMAC ODS), CO2
(EMAC CO2), N2O (EMAC N2O) and CH4 (EMAC CH4)
are held constant for the period 2000 to 2049. One simulation
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Fig. 6. Arctic temperature trends per decade at 50hPa for each
month from EMAC (red) and CCMVal2 models (black) for the
years 2001–2049. The ﬁgure shows the area-weighted average over
60–90◦ N. (A) Temperature trend. (B) Dynamical component of the
trend. (C) Residual radiative component of the trend. Vertical bars
show the 2σ uncertainty. Note the different scale for (B) and (C).
was driven with all three major greenhouse gases (CO2, N2O
and CH4) ﬁxed after 2000 (EMAC GHG). The simulations
with ﬁxed trace gases are initialized with data from the stan-
dard simulation for the year 2000.
Note that there is full chemical, radiative and dynami-
cal feedback in the simulations. For example, N2O not only
acts as a greenhouse gas but also as a source of NOy affect-
ing ozone chemistry. Similarly, CH4 has direct radiative ef-
fects and affects stratospheric water and ozone chemistry. In
all simulations, changes in stratospheric temperatures affect
ozone concentrations.
Table 3 summarizes the calculated global mean tem-
perature trends from the sensitivity simulations. Keep-
ing CO2 constant after 2000 reduces the global mean
annual mean cooling in the EMAC simulation from
−0.30±0.02Kdecade−1 to only −0.10±0.03Kdecade−1.
Keeping CH4 and N2O constant also leads to a reduced cool-
ing, but the effect is smaller than for CO2. Fixing CO2, CH4
and N2O together leads to calculated future global mean an-
Table 3. Global temperature trends at 50hPa from ERA-Interim re-
analyses and model simulations. All values are in Kdecade−1 with
a 2σ error range.
Data set Annual mean trend
1980–2011
ERA-Interim −0.46±0.05
EMAC −0.20±0.03
CCMVal2 −0.314±0.004
2001–2049
EMAC (STD) −0.30±0.02
CCMVal2 −0.224±0.002
EMAC const. ODS −0.32±0.02
EMAC const CO2 −0.10±0.03
EMAC const. N2O −0.28±0.02
EMAC const. CH4 −0.24±0.03
EMAC const. GHGs −0.06±0.02
nual mean cooling of only −0.06±0.02Kdecade−1. In con-
trast, ﬁxing the ODS at their 2000 level, while increasing the
greenhouse gases as in the base run, leads to a future cooling
of −0.32±0.02Kdecade−1. Thus in EMAC future strato-
spheric temperature trends are predominantly inﬂuenced by
the increase of greenhouse gases and to a much lesser extent
by the decline of ODS. Note that the individual contributions
are nearly linearly additive, taking into account the temper-
ature trend uncertainties. For the Arctic, the large internal
variability results in less signiﬁcant trends for the sensitivity
calculations.
4 Conclusions
We investigated past and possible future Arctic stratospheric
temperature trends using ERA-Interim and MERRA reanaly-
ses together with RICH-adjusted radiosonde data, CCM cal-
culations from the CCMVal2 project and additional calcu-
lations with the EMAC model with a focus on 50hPa and
averages over 60–90◦ N.
Arctic temperature trends over 1980–2011 from observa-
tions and reanalyses show a warming in winter and cooling in
spring and summer. The warming in winter and the cooling
in spring are consistent with a corresponding change in eddy
heat ﬂux with increases in winter and reductions in early and
mid-spring.
Using multivariate regression, we separate temperature
changes into a dynamical component, congruent with
changes in planetary wave activity, and a residual radia-
tive component that cannot be accounted for by the lin-
ear regression of planetary wave activity upon tempera-
ture. We ﬁnd that for a given level of eddy heat ﬂux, there
is a signifcant annual mean radiatively induced cooling in
ERA-Interim and MERRA of −0.41±0.11Kdecade−1 and
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−0.46±0.12Kdecade−1, respectively, similar to the global
mean cooling at 50hPa (Randel et al., 2009). Moreover, the
radiative contribution shows Arctic cooling in all months.
CCM calculations from CCMVal2 and EMAC qual-
itatively reproduce the past radiatively induced cool-
ing tendency. However, EMAC underestimates annual
radiatively induced cooling compared to the reanal-
yses (−0.26±0.11Kdecade−1), while the CCM-
Val2 multi-model mean shows even less cooling
(−0.16±0.04Kdecade−1). It seems possible that at
least part of the discrepancy between observed and modeled
temperature trends during Arctic summer are related to a
possible underestimate of past Arctic ozone trends in the
models.
Calculations over the period 2001–2049 show contin-
ued cooling but less than for the past. EMAC and the
CCMVal2 multi-model mean expect the future radiative an-
nual cooling to be about 40% less compared to the past
(−0.15±0.06Kdecade−1 and −0.10±0.02Kdecade−1, re-
spectively). Sensitivity calculations with the EMAC model
show that the cooling of the lower stratosphere at around
50 hPa will be largely controlled by changes in greenhouse
gases, most importantly CO2, with reductions in ODS play-
ing only a minor role for projected temperature trends.
Multi-model projections of Arctic ozone show an accel-
erated recovery over the next decades due to the increase of
greenhouse gases (Eyring et al., 2010). However, Sinnhuber
et al. (2011) calculated that a cooling of the Arctic winter
stratosphere by about 0.8Kdecade−1 could fully offset ex-
pected Arctic ozone recovery due to the reduction of ODS by
enhancing chemical ozone depletion in cold winters. Based
on the observed cooling over the past decades and the pro-
jected reduction of the cooling rate for the future from the
CCM calculations, we would arrive at a projected radiatively
induced cooling of the Arctic winter lower stratosphere of
about0.3Kdecade−1.Thiscoolingcouldthuscounteract30–
40% of the expected ozone recovery due to the reduction
of ODS. The projected cooling from the CCMVal2 models
itself is smaller than this value, with projected temperature
trends ranging from −0.1Kdecade−1 for the annual mean
to −0.17Kdecade−1 for DJF. This would correspond to off-
setting between about 15 to 20% of the expected ozone re-
covery due to reduction of ODS. Future work should address
the discrepancy between observed and modeled temperature
changes in the lower stratosphere over the past decades, and
its possible relation to past ozone trends, to better constrain
the projected future cooling of the Arctic lower stratosphere,
which is essential to project future Arctic ozone recovery.
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